Abstract -Propionibacteria are able to produce a wide variety of food components that are benificial to the human health. First of all, because of its unique metabolism, Propionibacterium contains a wide variety of co-factors, mainly involved in transfer and rearrangement of C1-compounds. This microorganism has been known for decades as an efficient vitamin B 12 (deoxy adenosyl cobalamin) producer. In this contribution, a new fermentation strategy is described leading to fermentation broths with high levels of this vitamin. In addition, some strains within the Propionibacterium genus can produce large amounts of folic acid. Other potential beneficial or nutritional ingredients produced by these bacteria are anti-microbial compounds such as propionic acid and bacteriocins. Propionic acid is reported to have potent growth-inhibiting effects on fungi and as such the Propionibacterium fermentation has great potential in food preservation. In addition, several bacteriocins have been found to be produced by these bacteria such as propionicin PLG-1 and jenseniin G, acting against a variety of Gram(+) bacteria. Finally, the production of high (intracellular) levels of the low-calorie sugar trehalose is reported. This sugar, presumably, functions as compatible solute in this bacterium and certain strains accumulate huge amounts under selected conditions. The possibility for application of this metabolism are discussed.
INTRODUCTION
The term "Nutraceuticals", launched by Stephen DeFelice in the 1980's, defines a wide range of foods and food components with a claimed medical or health benefit. An increasing number of food components are being labeled "nutraceuticals", often without proper scientific basis. In this overview, the term nutraceutical is used in its original meaning and the focus is only on food components produced by or foods fermented by propionibacteria with clearly proven health benefits.
The health-promoting foods or food components targeted in this overview can be categorised into three groups:
1. B-vitamins such as folic acid (vitamin B 11 ) and vitamin B 12 .
2. Antimicrobial compounds such as propionic acid and bacteriocins.
3. No-or low-calorie sugars such as trehalose.
The levels of these three groups of food components can be enhanced in food and feed through fermentation using propionibacteria. Alternatively, the propionibacteria can be used as cell-factory for the production of these nutraceuticals as food ingredients. Several examples of in situ production of nutraceuticals and the use of these bacteria as nutraceutical cell-factory will be discussed in this overview.
VITAMIN PRODUCTION
Propionibacteria are known for there unique, anaerobic, metabolism involving several carbon rearrangement reactions. To catalyse these reactions, the propionibacteria contain a wide variety of enzymes with specific cofactors involved in these rearrangements, such as coenzyme B 12 (deoxyadenosylcobalamin), folic acid and biotin. Propionibacteria have long been known for their high production of vitamin B 12 and this has led to the development of commercially interesting production processes. In this overview we also discuss the possibility of using propionibacteria for the production of another B-vitamin, folic acid.
Vitamin B 12
Vitamin B 12 is an essential vitamin in the human diet. The daily requirement of this vitamin for an average adult is about 3 µg per day [34, 37] . Malnutrition on the level of vitamin B 12 -intake can lead to several physiological disorders, most notably anemia. Only two B 12 -dependent reactions have been identified in humans, methionine synthetase and methyl malonyl CoA mutase, involved in lipid turnover [37] . In many bacteria, B 12 serves as cofactor in many different carbon rearrangement reactions as occur during breakdown of amino acids or metabolism of small carbon molecules such as glycerol, ethanolamine and propionic acid.
There are, currently, only three microorganisms used for commercial production of vitamin B 12 , namely Pseudomonas denitrificans, Bacillus megaterium and Propionibacterium [21, 23, 37] . The dairy type of Propionibacterium has the huge advantage that they are food-grade and vitamin B 12 can be produced in the food, or added to the food, without the need for elaborate processing. Microorganisms produce coenzyme B 12 or deoxyadenosylcobalamin ( Fig. 1 ) via a complicated pathway involving at least 25 conversion steps from the starting precursors uroporphyrinogen IIIprecursor for heme, F430 and cobalamindimethylbenzimidazole and a adenosylmoiety. The biosynthesis of the precursor uropophyrinogen III, itself, involves a multistep pathway from the amino acid aminolevulenic acid via porphobilinogen to uroporphyrinogen III. The synthesis of dimethylbenzimidazole has not been completely elucidated. It is derived from riboflavin and involves five reactions, one of which, interestingly enough, seems to require oxygen.
Propionibacteria have already been known, for quite a long time, as sources of vitamin B 12 [20] . Many fermentative processes have been described, usually focussed on growing the bacteria to high cell densities. Varying the nutrient composition of the growth medium, in f.i. amino acid composition or mineral composition including cobalt-ions, usually, only affected B 12 -production when the growth yield of the Propionibacterium was affected. Two experimental findings lead to major improvements in the production yields of vitamin B 12 : (1) addition of the precursor dimethylbenzimidazole increased B 12 -production, and (2) aerobic incubation in the latter phase of fermentation resulted in increased B 12 -production [37] . The exact explanation for the aerobic stimulation of B 12 -production is currently not known. It could
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Cobamide-moiety Figure 1 . Structure of co-enzyme B 12 showing the three different moieties -dimethylbenzimidazole, cobamide and deoxyadenosyl.
be that the addition of the adenosyl-moiety is an oxygen-dependent process. Another possibility is the stimulation of dimethylbenzimidazole-synthesis by oxygen. Using either or both of these strategies, production levels of 10 to 35 mg . L -1 could be reached during fermentation of Propionibacterium in f.i. cheese whey as cheap growth medium [6] .
A semi-continuous, large-scale, production process was recently described for Propionibacterium based on this knowledge [23] . It involves, first, an anaerobic growth phase in which most of the (dense) growth occurs and precursors such a precorrins and corbyrinic acid are synthesised. Then, in a second phase, the culture is lightly aerated and dimethylbenzimidazole is added. For efficiency, cells are transferred to a new vessel for the second phase, leaving the first vessel (partly) empty for filling with fresh growth medium and start of a new first phase, anaerobic fermentation. By removing 40% of the (anaerobic) culture in the first vessel and replacing it with fresh medium every 12 h, a semi-continuous process was created, with a (almost) constant production during nine repeated fill-and-draw fermentations [23] . This process resulted in at least threefold more vitamin B 12 production in comparison to the original, two-phase, batch cultivation.
Folic acid
Folic acid is an essential component in the human diet. It is involved, as cofactor, in many metabolic reactions, including the biosynthesis of the building blocks of DNA and RNA, the nucleotides. The daily recommended intake for an adult is 200 µg. For pregnant women a double dose is recommended, since folic acid is known to prevent neural-tube defect in newly borns [42] . Low folic acid in the diet is associated with high homocysteine levels in the blood and, subsequently, with coronary diseases [8, 9, 30] . It is even reported to protect against some forms of cancer [2] . Folic acid is produced by different (green) plants (folium (latin) = leaf) and by some microorganisms. Vegetables and dairy products are the main source of folic acid for humans.
"Folate" is a non-specific term referring to any folate compound with vitamin activity. The term folic acid is used for the chemically synthesised vitamin.
Folate is isolated from natural sources in many different forms. The basic structure of the molecule consists of a pteridine moiety, a p-aminobenzoic acid residue and one or more γ -linked L-glutamic acid residues. In the general metabolism, folates act as an acceptor and donor of C1-residues. This main biochemical function of folate is mediated by the N-5 and N-10 positions (Fig. 2) which carry methyl-, methynyl-, methylene-, formimino-or formyl residues. The pyrazine rings can be reduced to the so-called dihydro-and tetrahydro-form of the folate molecule. Finally, the poly-γ -L-glutamate tail can vary in length between 1 and 10. Folate is conspicuously absent in many food products and is considered an essential additive to the general diet. Folate is an essential cofactor in bacterial metabolism and, as such, will be present in most, if not all, bacteria. Folate is produced in many forms in nature: methylated, hydrated and containing various sizes of polyglutamate tails. Uptake of folate by auxotrophic bacteria and possibly also by human cells, however, is claimed to be restricted to specific folate molecules with polyglutamate tails of three moieties or less. Many bacteria are able to synthesize this cofactor by themselves from simple precursors, such as GTP, p-aminobenzoic acid and glutamate (Fig. 3) , but some auxotrophic bacteria, including many lactic acid bacteria, have a strict growth requirement for folic acid.
Milk is a well-known source of folate. It contains between 20 and 50 µg . L -1 folate and thus contributes significantly to the daily requirement of the average human.
Fermented milk products, especially yoghurt, are reported to, sometimes, contain, even higher amounts of folate [1] . Up to 150 µg . L -1 folate has been found in yoghurt. This high level is a direct result of the production of additional folate by the lactic acid bacteria in the yoghurt. Of the two lactic acid bacterial species in yoghurt, Lactobacillus bulgaricus and Streptococcus thermophilus, only the latter is reported to produce folate [34] . Recently, also some other food-grade bacteria were observed to produce folate during milk fermentation [25] . Here we report on the folate production by different propionibacteria. Large differences can be found between different strains and different species. Interestingly, the levels produced are equally high or even higher than the well-known folate producer, Streptococcus thermophilus ( [40] , Tab. 1). Another striking observation is the difference in ability to excrete folate by the different propionibacteria. Some strains, clearly, retain all the folate intracellularly while in other strains almost complete excretion or leakage of the folate is observed. This, presumably, is a result of the different forms of folate that are produced by these propionibacteria. Analysis of the molecular structure, such as the nature of the bound C1-moiety and the presence and length of the polyglutamate-tail, will definitely shed more light on this matter.
ANTIMICROBIAL COMPOUNDS
Fermentation of biological material by propionibacteria, generally, leads to increase in shelf life of the resulting food products. In some investigated cases, the protective effect has been attributed to the [3] reported increased shelf life of fermented vegetables via the action of propionibacteria, Suomalainen and Mayra-Makinen described the same effect in (fermented) dairy products and bakery products [41] and Merry and Davies presented improvement in silage production and stability by the addition of propionibacteria [28] . Figure 4 shows a typical example of experimental results that are obtained as a result of random screening for antifungal activity. In this case, of the 11 Propionibacterium strains tested from the culture collection at NIZO food research, all strains caused inhibition of the Aspergillus sp., while half of the strains also inhibited growth of 4 Penicillium strains tested. Of all other bacteria tested, yeasts, lactic acid bacteria and other food-grade bacteria, only a few Pediococcus strains showed similar antifungal activity. Some examples of specific protective effects by propionic acid fermentation are described below.
Propionic acid
Propionic acid is a commodity chemical with uses, amongst others, for grain preservation, as antifungal agent and as herbicide [18, 26] . In the food industry, propionic acid and its salts are accepted as preservatives for industrial use in bread manufacture [41] . In these food products, especially fungi and Bacillus sp., are the targets for inhibition by this weak organic acid. The concentrations that are required for inhibition are between 0.1% and 5%. Propionibacterium spp. themselves are also very sensitive to propionic acid, and particularly to the undissociated form of this weak acid [17, 24] . Calculations based on reported propionic acid production levels under different growth conditions and external pH values of the medium, indicate that growth of the propionibacteria is already severely hampered by concentrations of undissociated propionic acid above 5 mmol . L -1 and growth stops completely at 10 mmol . L -1 [23, 24] .
The potential of propionibacteria for food preservation has been recognised commercially and already more than 10 years ago a new biopreservative, Microgard TM , was launched on the market [10] . Its inhibitory action was based on a combination of inhibitory effects reported for propionibacteria, most notably propionic acid and bacteriocins.
TREHALOSE
Body-weight control is of major concern in our Western countries and obesity has been estimated to cost between 2 and 5% of total health-care expenses of various countries. New food products containing lowcalory sugars and/or fat replacers are in constant progression on the market in response to the consumer's request.
Trehalose is a well-known non-reducing disaccharide synthesized by a wide variety of organisms. It is only partially digested in humans, and therefore it is considered a dietetic sugar. It is also poorly metabolised by many other organisms, including lactic acid bacteria. The oral bacteria, Streptococcus mutans and Streptococcus salivarius, for instance, are not able to perform acidification with trehalose as only carbohydrate [32] . In comparative studies with human volunteers, mouth rinses with trehalose solutions led to significantly reduced acidification in plagues compared with rinsing with sucrose solutions. By feeding rats with trehalose-containing diets, instead of sucrose, almost complete suppression of dental decay (caries) was observed [32] .
Other (biological) activities than can be attributed to trehalose are protection of proteins and whole cells against denaturation under different stress conditions such as heating, drying and freezing. The preserving and stabilising properties of trehalose on different biological systems have been widely demonstrated with different enzymes [4, 15] , membranes [15] , human cells [19] , tissues [44] and organs [5] . In experimental biology, it has been observed that biological material is maintained in original, "fresh", state over extended periods of time in the presence of trehalose [12] , which is especially relevant in the context of prolonged preservation of different kinds of food. More recently, it has been shown that trehalose has important stabilising effects on human proteins, preventing protein aggregation as well as formation of pathological conformational forms, and its application against illnesses, such as the Creutzfeld-Jakob disease has been disclosed [38] . Given the beneficial properties of trehalose, the development of food products in which trehalose is produced in situ at the expense of other sugars, such as lactose, fructose or glucose, is highly desirable.
As with many other microorganisms [7, 43] , in Propionibacterium trehalose accumulation has been shown to occur as a result of different stress conditions, such as low temperature, high osmolarity and other adverse growth conditions [36] . Trehalose is formed from the glycolytic intermediate glucose 6-phosphate via glucose 1-phosphate, UDP-glucose, trehalose 6-phosphate to trehalose [11] . The enzymes that are specific for trehalose production are trehalose-6-phosphate synthase and trehalose 6-phosphate phosphatase. The intracellular concentrations that are reached vary enormously between different strains and are also strongly dependent on the growth conditions applied. In some fermentations using propionibacteria, high amounts of trehalose were found (F. Cardoso, P. Gaspar, A. Ramos, H. Santos, unpublished results). This demonstrates the actual potential of the use of propionibacteria for production of the low-calorie sugar trehalose in (fermented) foods.
CONCLUSIONS
Propionibacteria have been mentioned before in the scientific literature in relation to beneficial effects upon consumption by humans [33] . These so-called probiotic properties, however, are sometimes more suggestive than rock-solid, mostly due to uncertainty over the actual mechanism that is involved in providing the health-benefit. In this overview we have shown that propionibacteria can produce several components that actually contribute to the health-status of (fermented) foods. These components -vitamin B 12 and folate as essential nutrients, propionic acid and bacteriocins as food preservatives and trehalose as low-calorie sugar and proteinstabiliser -can be formed through fermentation with selected propionibacteria, and, as such, can improve the nutritional value of fermented foods.
